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There have been seven artificial radlation belts

made by the explosion of high altitude nuclear bombs since

B 1958: These artificial belts result from the rolease of

energetic charged particles, mostly electrons, from the
) ! .

nuclear explosions. These seven explosions are:®

Exnl.caion locale ' time vield altitude
Argus I South Atlantic 1958 1 kt 300 miles
avgus II South Atlantic 1958 1kt 300 miles
Argus III South Atlantic 19355 1kt 300 miles
Starfish Jotnmson Island  July 9,'62 1.l Mt LOO kg

Pacific Ocean i
USSR(I) Siberia’ : Oct 22,162 saveral ?

‘ hundred
kt

USSR Siberia Q¢t,23, 162 ? ?
USSR Siberia  Nov. 1,%62 ? ?

The Arzus explosions of 1948 were carried out to study
the trapoing of energetic pérticles by the carih's magnetic

fleld, Nicholas Christofolis, a physiclist at the Lawrence

%

The U.3. explosions Teak and Orange in the Pacific (below
elght km) in 1958 may have injected some particles but the

effects Lcore were. small and short-lived. Another reported
km

i USaR hizh altitude explosion of 1901 may .o produced some

effects but this is uncertain,

Avazlg!;!e ts %AM&!}M&




Radiatlon Laboratory, had for some time before Argus worked

- on Project Sherwood « the attempt to make controlled
| thermenuclear reactions in laboratory containers. To contain

~ the intensely hot material used in Sherwood experiments

nokwails can be used, They would melt. HNagnetic fields
are used - shaped into "magnetic bottles"” to contain the
particles. Such a bottle as that used in Fig, 1 has been
used successfully to contain hot electrbns and pfotbns for
short times. ‘The particles eventually leak out of the ,.
magnetie bottle, mostly through the ends, but they are

~ contained for a time. Christofilos tock this idea for a

| labpratory-size magnetlc bottle and expanded 1t to earth
'size."He}sugges%ed that the earth's magnetié field should
be able to contaln and trgp energetlic particles and showed
that a nuclear explosion'would e a»reasonable source of
perticles to populate the terrestrial bottle,'2) This
suggestion led to the Argus experiments.

Theplanning for Argus was well underway before the

discovery by Van Allen of the naturasl radiation bselt, In

‘the Argus planning sessions it had been suggested that a
natural Belt mlght ezist around the earth, whilch was of
covrse borne out by the Explorer I and Explorer III satellites.
Aftér-each of the Argus explosions, trapped partlcles were
observed by Van Allen on the Rxplorer v satellite.(B)

The Starfish explosion of July 9, 1962 was of higher

vield than Argus and made not only & more intense artificial

belt but a considerably more extensive belt. Thig belt is



of longer 1ife than the Argus belts because 1t is at a

lower Zabitude. ¥

The three Sovieb explosions of 19562 made artificial

' belts sonowhat less intense than Starfish. These also werse
.at‘highvenough latitude so that they decayed rather rapidly.
These threé bolts had different spatial extents maybe

indicating different altitudes for the explosions.
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"é Beub as a Source of Charﬁed Perticles

————

Y ¥What 1ls there about a nuclear explosion that makes an
artiflcial radiation belt? The v'za.c.’tiat:‘Lon belts, both natural
' and aruificial, are simply large populations of charged

‘particles trapped by the earth's magnetic field to stay

- for long ti@es near the earth. The natural belts are made
up mostly'of energetic eleétrons and protons plusg small
numbers of deuterons and tritons and possibly some alpha
particles and positrons as ﬁell. The artificial belts are
made up wostly of elactfons wlth some protons andé maybe scus
of theother particlez tooc.

There are two kinds of nuclear explosions,; Cflssion and
_fusioﬁ. The basic element of a fission recaction is the .
capturs of a rcubron by & heavy element frequently U235
which then fissions, or splits, into two lighter nuclei or
fission fragments.(h) In this process two or three neutrons
are given off, of which abgut one per event may escape from

the fissioning system. Ths neutron can produce trépped
>partiéles by decaylng into a protoh and an»electron. At

the time of fisslon several Y rays of roughly 1 Mev each

are given off, These might produce some trapped electrons

as the fésult of Compton scattering on air atoms but the
trapped flux of electrons produéed by this process is probably
small enough to bs neglected. Some « particles are also

given off by ternary fission. About one in 300 fission$

produces an X particle of from 5 to 25 Mev, It i1s uncertain




| whether any of these «{ pafticles will get out of the
fissicning system before they are slowed ddwn to rest, but
some of them may wind-up trapped.(S) _

| After the fission process 1s over wmore charged particles
are ﬁAoff; -The {ission fragments p?oduced are unstable
(they are nmuubron rich) and they decay by emltting electrons
to bocome stable. One fission fragment.emits about six
electrons to beocome stable., These electrons are the most
important source of all the artificial belts produced. They
have energics up to about 8 Mev with an average energy of
about 1 Mev. ‘They can be relseased a long distance from the
bomb bocause the fission fragnent decay prbcess is relativaly
slow. About one cleeiron is given off in the first sscond
after fission and then the other five are gilven off with a
decay laqw i
L quicq Y -~ where t is in seconds
So electrons are still being given off minutes to hours
after the exploslon, - If the fission fragments expand with
a veloeity of about 500 km/sec, electrons can be liberated
wp to 106 ka away from the explosion site, But probzbly the
(6)

isslon fragments are mostly lonized and tney
will be trapped by the earth's magnotic fleld and can not
get nearly this far away froa the cxplosion,

There may also be some positrons given off by radloactive

Jebris after the explosion., One process that would cause this

would be (n, 2n) reactions, for example:

b

Tl ,
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The nucleus AL2¥ gscays by positron emlssion. This probably
is not a very important particle source.

A Tusion bomb works by burning hydrogen to make helium,
The end products are not fadioactive but some intermediate
sﬁeps'in the feaction produce charged particles that can be
trapped. Deuterium and Fritium arve lnvolved in the fuslon
bfocesé. Some tritons may be left alter the reactlon butb
they Probably are of qulte 1ow energy and are ol interesting
as far as radfation belts ars conceorned, HNeutrons are
produced by both (d,d) reaction and (d,t) reactions. The
noutrons from (d,4) reactiocn: are of about 3 Mev ani those
from (d,t) reactions are of 1l Mev. When these neutrons

deca?'they make elertrens and also protons of 3 or 1l Yev

- too, but as we shall see, tho yleld of this reaction is quite

small, |

| A fusion or hydrogen bomb explosién will produce a quite
iﬁsignificant artificial radiation belt compared to fission
or atom bomb explosion of the same vield. The selectrons

from fission fragment P »decay are the most important source

of partlcles for artificial rediation belis.
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The Nevtron Source

One of the sources of the ertificial belts 1s neutrons
glven off by the explosion, Ve can evaluate howlimportant
this sou?cé ise.

About.lOgh“neutréns are glven off by a one'kilbton
exploslion., The neutrons are neutral and are therefore not
trapped by the field but they are radicactive and decay by
the reaction n-ve & p +:;. The decay produces electrons and
protons which can bo trapped. The antincutrinoV 1s of no
intereét to us here. The neutron mean life T, 1s 1000 seconds.
Ths neutrons from fission are made with enswr=:i:: of about
1 iHev or a velociby WV of abous 109 ca/szc. Thoy travel gbout
E0,000_kﬁ.to get oub of the magnetosphere. A fraction of

them will decay inside the magnetosphore given by
' )

L_‘ \lg———/ ’\:lOOS.
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Large enoﬁgh charged partlcle fluxes will be made here to
be important. The fraction of neutrong that decay will be

larger for €=» slowsr necutrons.

The elecirous that are wade by decay have cnergles
up_to o 78 Hev with a peak in thespecirum ét sbout .30 lev,
The éleetrons' snergy 1s very nearly independent of the
neuitrons® @ ergy. The dscay protons, however, havs energles
nearly egqual to the energy of the wmrent neutrons, This

means that the osrotons from fission noutrons will be about

1 iev, The proton flux from Starfish was prohably about
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104 protons/cn/sec of E> 1 Mev. The natural proton

fluxes are considerably larger than this in most regions

of space so we can lgnore the neutron decay protons. The

néutrons'from the'(d,t) reactlons of'the»fusion bomb have

1k Mev protons. There wlll not be many of these made.

The'lu ilev neutron velocity 1s a factor of four larger

than 1 Mev noutrons so the fraction of them that decays

is only % of the 1 Mev neutron decays. This means that

‘for Starfish the 1l Mev proton flux will be less than

lou/cmz/sec._JHowever, the neutron decay electron flux

is conslderably higher than this.(7)_ If M neutrons are
giveh'off by an explosion on the equator, the total
neutron flux F at en observation point (see Fig, g)

‘will be < : ,EL;
MTK

where Q\‘is the dlstance from the eXplosion point to
e 3 N .
observation point. ? i\ o +R —Lkvmg un(?

The neutron decay density from this flux will be

—_ decays
“.,~ ~ ‘—‘3L
° “(T\'Q ~ T cw
The explosion is a point source but the particles will

spread out in longitude by drift to form a shell. We can

average thikdecay density in longitude
EOS . o
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This space-averaged neutron decay denslity can be transe

orazd direcily to be an elgctron omnidirectional flux
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I wre havse a neutron source above the atmosphere we

=

st consider not only neutrons travellng upwards away

Trom the explosion but albedo neutrons from the top of

the atmospherc. About 80 percent of the dovnward traveling
neubtrons will be reflected from the atmosphere and then
travel upwards. In the reflection process the neutrons
wi1l vo partly thermalizod by collisdons with air nuclei.

Lz a wesullt of this the rate of decay of these necutrons

)

i1l bo higher and actually more total decays will result

c‘\ [V AN
Tfrom the Initially dowmzed moving neutrons than from the
upward moving ones. Carrying out these calculations and
7)
nerualizing erudely to the Starfish exvlosion we get the

butions of electrons shown in"Fig. 3. The
caleculations have boen made with and without albedo and
the importance of albsdo In Fig. 3 is obvious. Electron

- b} 3, 2
fiuxes wp to about 107 elecurons/cm /sec are expected
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Wa neced to understand the motlion of charged particles
in a maconotic £ield In order to understand how an grtificlal
sartlecles surrounding the earth is made from a polnt
sovreo onplosion. For tho particles wo are interosted in wo
con breoal this motion down into throo components (see Fige :i,)

(2) a ropid gyration of the particles around the fleld

1ing.

{(v) a bouncing baclk and forth along a field line from

one heaisphere to the other,.

{c)a slov drifﬁ in lonzitude arcund the earth,

Tho gyration porilod or cyclotron poricd of gn electron
in The carthis £icld iz roughly a microscconde The bounce
neriod Ls of the order of one second.

It i ezgeontial to understand the phenomena of
bouncing to sco how a radiation belt can exist, Vhenever

o sy gy e B e
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o2d particle moves into a converging magnetle
icld there is & force produced that tends to push the
particlo out of the convergling rezgione Thisg force is

- =
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nent of the particle's vaelocity around
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the Ticld 1ine cnd B 1s the component of the magnetic fleld P“}‘
: |
V¢

lo

To the axis of symmetry (B, = O for a uniform fleld)s The .

8 always directed out of the region of counvergence,
-ooocacht ond of one of the esarth’s fleld lines the fleld
consernos tewerds the surface of the earth, therefcere the
Jerco O oacts llke a restoring force which tends to push the

3

voreicie along the £icld 1llne tcowards the equator. As a




rosult, & bouncing mobion takes place much like the osclllatlion
of a pondulum, This bouncing wotion takes place with a
magnetle moment jA of the particle a constant of the motion.

Thno nacnetic moment 1s defined by

5 p VU
= Ex P S

5 B B

waore Z 4 is the partlcle's kinetlc energy assoclated with

the gyratlon and o¢ 4s the angie between V and B called the
pltch angle.s A static magnetlc fleld does no work on a

varticle so V = constant and because )& is a constant we have
N o

Namn K
kY
During the bouncing motlon  changes as B does, according

constant,

%0 this equation. Tho particle turns around when sin™X =1

or at a mapgnetlic fleld strength Bm given by
NP
’3-/\°<,_._‘.—-
E " B |
This point of fileld B, 1s called the partieles mirror pointe

A particle's mirror point depends only on its initial pitch
anzle 5( (not on 4ts energy). If the value of By for a
narticle is below ground level or in the dense atmosphere
thils particle will be lost right away.

The partlcles also drift in longitude around the earth,
Thc£a are two effects that produce this drift.. The radlal
codient of the magnetic fleld and the curvature of the fleld

“:wsa bobh ect to make the electrons drift east and protons

e e o et Sttt

ro

wsste Tho fileld gradient eoffect can be understood by considering

tho pyration of the particle around the fleld line. DBecause
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3 [2)
of tha 71214 gradient, thc‘cyclotran padius 1s larger on
the iza altitule side of the line. This afsymmatry in the
Sreatlen causoes tho particle to move aideweya as ghown in
ize “jiz_. Particlos with higher volocity drift faster
In lonzitudes A fission olectron tales about one=half hour
to dﬁift round tho aa"ta. A3 the par ticle drifts 4n
ienzitude it moves from ons field lino to anothér. Which

now fisld line tho particle moves to 13 determined by the

A SC@.NA& SWM

23 a conctant of th: motlon {vhore the 1ntogral is talon

~ ™
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alens a £1eld 1ino froxu one nirror point B, to the othoer By®)e
Actually & 4s only an edfabatie constant of tha motion, If

3 changes dn a time short compared to the bounee timo, then

I Iz not o eonsiont. Tho masnstie momont )A i3 also only

1 adlabatic constant of the natlon,

9]
1

Tho Intopral invarient I 8s a kind of wolph%ed length
of the field 1line between B, end Bm%. As the particle drifts
Zrom oouc fleld 1ine to & now one the value of B, at the
nivpor polntd stuys constant becauso }&13 a constan®t of the
otione Also I romalins conatani during tho drift so the
Lonithn of tho fleld line from By to B,* remains constant,

-5 Tho particle drifts in lonrisude around the earth only one

2ct of fiold lines vwill satisfy these constrninﬁg and the



particle will robturn to the line 1t started on, MeIlwain
has Introdused a parameter L to label such a shell of f£ield
lines, In a dipole fio0ld L would be the distance from the
conter of the sarth to the equatorial orossing of the field
ilns In unlts of earth radil, Tho shell L = 2 would go
2o 6370 im altitude at the equator, For the real fileld of
tho earth, which varies conslderably from a dipole, the
doTfinltion of L is more complicateds However, the L = 2
shyll 3%211) has en average oquatorial altitude of about
6370 ka aknough 4t varles about 2500 km from this,

Yo can now understahd vhat happens to particles
enitted at one point in spacé by a nucleay exolosion, In
a fow seconds they are spread out along a fiold 1line and in
& fcw hours they drift around the earth and'spread out in
lorn~itude to foram a blanket around the earth, The thickness
of the blanket Zdopsnds on the listtial dimoensions of the

partlcle source.
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Farly History of Starfish

We now have an idea about what should happen to the
particles from an explos;on. Let us see what the observations
say happened after the Starfish explosion of July 9.

Magnetic and EM slgnals and a whistler radiated by the
explosion wero observed at several places. (8, 9, 10, 11)
Theée may play a part in the artificial belt. They may
»1ntéract with particles in yhe natural belt and either change
their énergj or scatter them and ohange_their pitch angle.
These changes in the naturally trapped particles may produce
some of the observed effects,

Just seconds after the éxplosion artificial aurora were
observed in New Zealand.‘la) .These are produced by the
electrons and other partlcles from the explosion that are
not trapped. Lots of these partlcles have mirror points
below the atmosphere. Because of this they will enter the
atmosphere and interact with oxygen and nitrogen atoms. The
excifed atoms will emit light to form the aurora,  Rockets
have been flown lnto natural aurora and energetic electrons
found, so this process of electrons making auroras is well
established.

Just two seconds after the explosion increased ionospherie -
absorption of cosmic radio nolse was observed in Alaska(IB)
at Lﬂ—é.L This is probably due to debris from the explosion

traveling upwards to these field lines reléasing electrons

? -decay some of which promptly are lost into the atmosphere.



The Increased ionospheric electron densities produced

this wgyiéﬁhanoe the cosmlic nolse absorption, The peak

absorption was detected within one minute after the

exploslon followed by recovery to normal in a few hours,

Attenuation llke this was not observed in the U,S. at the

same distance as Alaska or in the auroral regioh'in Canada

or Nofwaj so the effect is clearly assoclated with early time

effects of charged particles”froq the explosion,
A few minutes after the exp1os1on inereased f

min
observed on an ionosonde in Jamaica(lh) iridicating increased

was

absorption in the lower regions of the ionosphere.,  This
must have been due to trapped electrons drifting east and
some of them getting lost as they go.

(15)

Topslde soundings of the lonosphere on Ariel also
showed increased elesctron densities in the ionosphere above
the F2 layer shortly after the explosion.

There also wlll be Increased electron denditles in the
reglion near the explosion due to absorption of soft X-rays
- from the explosion (as much as half the energy of the explosion :
may be in the form of these soft x-rays).(lé) But this effeoct '
will only be line of sight from the explosion and this effect

cannot explain the Alaska or Jamalea observations.




Svynerotron Raiiation

A few minutes after Starfish synerotron radiation from
the trapped electron was observed in Peru(;7). This is the
only effect of the artificial radiation belts that is
observed on the ground for long periods. - Synerotron radiation
is the electromagnetie radiation gi#en off when an electric

(18)

charge 13 accelerated in a ciréie. It was first observed
as light emitted from a syncrotron electron accelerator, If
the charged particles have V<s;o then the radiation is emitted
only at the cyeclotron frequency and 4s called cyclotron
radiation, but when the particle 1s relativistic then many
higher harmonies of the cyclotron frequency are emitted too
and the radlation 1s called synorotron radiation. The radio
emlission of the planet Jupiter in the 30 cm range is tentatively
1dent1fied as being syncrotron radlation from trapped eleotrona
with energies in the order of 5-100 Mev, (19)

‘The total power radiated-by-a particlo‘by syncrotron
radiation is Lo

P = ;. a. é&V ‘

An expression that 1s more useful in comparison with experiments
for a relativistic electron

P(f) = 4.1 x 10720 Byp(r)  XALbs

where B 1s the magnetlc fleld strength in grams, ¥ 1s the

€ -
relativistlic energy factor y .= and F(f) is a function of
the fmequency £+ Evaluating P(f) at 50 me for B = ,16 gauss
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| and E = 2 Mev give P(f) = I} x 10~3 watts/cps-ster.
Integrating P(f) over the electron spatial distribution
and fission energy spectrum for Starfish and integrating
over antenna patterns gave caloulated sky brightnesses in
very good agreement with those measured shqftly after
Starfisho(al)

Attempts were made to observe synorotron radiation

abotw Stew :sL
from the natural Van Allen belt but it could not be measured

due to the background of other Qgtural radio noises. After
the Starfish explosion synorotron radilation was observed by
several stations. The Bureau of Standards has a radio ob=-
servatory in Peru which contains about 20,000 dipolea.(17)
This array can study the radio noise coming in a narrow
vangle from the zenith (which is very nearly the magnetic
equator). Tho newly trapped electrons from Starfish produced
more syncrotron noise than the natural belt eleotrons because
there were more of them and they were of higher energy.

The maximum 50 me signal at Peru arrived at + 6 minutes after
the explosion. This delay time is compatible with the time

reqiuired for a 2.7 Mev electron to drift in longitude from

seen about 35 minﬁteé later due to the elegtrons drifting
around the world a second time., After thig the noise was
nearly constant because the electrons had disperssd in
longitude due to their different velocities. Polorization
measurements made at Peru with the dipololatray show the
radio nolse received was roughly East-West linearly polarized

as 1s expected for synerotron radiation.
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Several other antennas measured the syncrotron radiation
after Starfish.(22) At Wake Island the maximum signal was
obtained at + 25 minutes. This later arrival than at Peru
shows that electrons drift east as expected. This delay
time 1s right for about 2 Mev electrons. ' |

Comparing several receiving stations shows that only
stations within 25° of the magnetic equator detested
syncrotron radiation. This 1s reasonable because the
radiation is given off in the instantaneous direction of
motlon of the electron and this means that large signals
should be found at the equator and the signal should decrease
rapidly going off the equator,

- Observations at Peru showed that the synerotron noise

decayed with a time behavior given by

nwn ‘"l‘igj‘
60

where t is the time in days after Starrish.‘ This time decay
i1s not representative of the decay of the artificial radiation
belt as a whole because a large fraction of the syncrotron
noise 1s gilven off by low altitude electrons where the
magnetis fleld B is large. These low altitude electrons will
be lost quite rapidly.
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Satellite Data on Starfish
On July 10 there were four satellites in orbit that
had electron detectors on board and which gavo‘uaeful

information on the newly trapped particles.
' apogee  perigee inclination detectors

ARIEL 1209 km - 393 im 5,° shielded GM counter
' E°> ’-I-T" Mev
INJUY 1010 km 890 lm  67°  shlelded G* counter,

counting several Mev
elegtrons by Bremsstrah-

“ lung
TELSTAR 5630 km 955 km . k7% ) ohannel solid state
' detector B > .2 Mev
TRAAC 1110 km 951 km 32,4°  shielded GM counter
| | E > 1,6 -Mev

' The Injun satellite had been in orbit a long time, and
.80 1t provided a very good before-after comparison of the
radiation belt. The TRAAC detector also showed a good compari-
son this way, as did Ariel, Unfortynately, the Telstar |
satellite was launched the day after Starfish, so it could
not give a before-after comparison. This is quite unfortunate,
because the Telstar satellite goes to high altitudes and maps
out regions of space that are unavailable to‘thé other satellites,

The joint US-UK satellite Ariel showed that high energy

electrons resulting from the bomb appeared very shortly after
the explosion at high latitudes « up to L = 5 or more.(23)
 Ariel went out of operation a week after Starfish, but during
this time the flux of energetic electrons stayed high up
toL =5, . | | e



- o Pre)
The TRAAC detectors followed the decay of low altitude
Starfish electrons until it also went out of oporation.(zh)

TRAAC located a puddle of fission debris aitting on top of

the atmosphere in the Pacifie, eontinuously amitting eleotronl
into the belt.(as’ These new electrons from tho debris
puddle will have short lives, because they are emitted at

low altitudes and thereforehave low mirror points‘and |
encounter a fairly dense atmosphere.

By comparinz the measurements of the several different

- detectors having different energy responses, the energy |

spectrum of the new particles was determined. At about

1000 km the spectrum closely resembled & fission energy

15pectrum, thus identifying the decay of fission fragments

(26)

as the major particle souroce.
The Injun counters mapped out the new belt at 1000 km
altitude and producedthe first flux contour pioture of the
Starfish electrons.(27) The Telatar satellite produced all
of the information above 1000 km for the f1rat three months

after Starfish.(za) The experimental data from Injun and
. Telstar for a short period after Starfish were organized
~ and blotted. A comparison of this data 4s shown in Fib, 6,
"The region of highest flux for the Injun data 1s about 107

electrons/cm?/ses and for the Telstar data the highest

value 1s also about 107 electrons/cm®/sec, The outer edge of
both flux Qistributions shown is at & flux of 107 oleotrona/ |
cw?/sec. These distributions in Fil., 6 are only approximate .

and involve some extrapolations in both cases.# Also they

# The best Telstar contours are given in Ref, 3 9
and the best Injun data in Ref. 27 and QY
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are not for the same time (Injun is plus 10 hours and
Telstar 1s plus 5 days) but they still are falrly accuhate
and can be compared reasonably, It is obvious the Injun
flux distribution is much more compressed than ias Telstar's, .'
The total number of particles found by integrating inside -
the Injun distribution is about 102> elestrons(2?) ana
Inside the Telstar picture is\about 1026 electrons.(za)
This difference is reasonably well understood now., We will
return to this point laters |

A map of the Starfish electron fluxes at 00 km altitude
above the earth 1s shown in Fig. 7. These are the fluxes
as of one week after Starfish, They have decayed probably
about a factor of 10 up to the present, The reason why
1arge fluxes are seen in the South Atlantie and not elsewhere
has to do with the earth's magnetic field. The field 1is
weakest here so electrons, in order to satisfy the condition

of mirroring at a certain value of B_, mst come closest

ml
to the earth in this region. Therefors the largest flux
is seen in this region, |

The spatisl distribution of electrons from Starfish 4s
not easy to understand. The ionized debris from an explosion
willl expand butwards and because the debris will be a good
conductor it will push the magnetic fleld ahead of it. In

this way a bubble will be blown in the magnetic field.‘Bo)
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The bubble will stop expanding when the energy in the
excluded field equals the initlal kinetic energy E of
the debris. |

p / 3 3
€- Ei\/-_-(ﬁ)(ﬁ _ X
g gm N\ 3 TG

The bubble will collapse and leave behind a region gbout

the size of the bubble filled with fission fragments and
_electrons., For the Argus expiosion E~1 kt =} x 1019 ergs.
For B = ,3 gauss we get | |

R 2= 100 ¥m vag;avd&
This 1s the approximatehphickness or the Argus el ectron
shells,! 3) |

But this simple model does not work for Starfish., The
radius here would be RZ 1000 km but actually the debris
must have gone considerably further than this, In order
to get to L = 5, the bubble would have to be about twice
this dlameter if 1t grows across fleld lines or even
larger if it grows upwards. The bubble M1ght break up tnto
several bubblets to allow the electrons to disperse more.

Several satellltes launched after Starfish have,madev
measurements on the artifiéial belts and confirmed the
general picture of the electron flux distribution, A
magnetic spectrometer flown on thé Aii Force satellite

%ﬂMShr b
1962 ﬂ;K measured the electron energy sp otrﬁkat itrerent

& AN

"3l
L values.")Such spectra for Dec. 8, 1962 are shown in Fig. ¥ .
At L = 1,25 the energy spectrum looks like théfieéion spectrum



-
&3
(Cﬁrve A, Pig. 8) except that there are fewoer low energy
electrons. These low energy electrons probably haie been
lost by coulomb scattering between July and December. The
measured spectrum at L = 1.57 1s softer. It has considerably
fewer high energy electrons than a fission spectrum. Not
much‘decay has taken place here so this spectrum should be
quite like the 1n1ti#1 spectruﬁ on July 9 at‘L = 1}57.

This information on thelenergy spectrum helps in
understanding the difference in the Telstar and Injun flux
distributions in Fipg. 6. In developing these flux distributions
it was assumed that all the éiebtfons involved had a fission
energy spectrum. The Injun detector does not count electrons

of E <2 Mev officiently. The Telstar detector does count

low energy electrons with E <1 Mev well, This means that

Telstar will count the soft electrons at L = 1,57 much more
efficlently than will Injun. Because of this, the Injun
contours should close at lower altitude than the Telstar

contours. These two sets of contours are two different

plctures of the same thing. The Injun picture shows the

spatial distribution of electrons of E ~ 3 Mev., The Telstar
pictﬁre shows the spatial distribution of Envi Mev electrons

and probabiy gives a better estimate of the total artificial

belt electron population than the Injun estimate because Injun
does not include the large number of low energy electrons present.

Several satellites have followed the decay c¢f the Starfish

electrons. We will consider this in a later section.

-~




Radlation Damage

The artificlal radiation belt ean cause damage to
radiation-sensitive components such as solar cells and
man. The same, of course, is true of the natural radiation
belt., The power supplies of three satellites were damaged
by the Starfish electrons. The Ariel satellite stopped
transmitting data after about one week, and the TRAAC and
Transit B satellites stopped in about one month, The solar
cells on these satellites were progressively deterioratﬁék

due to the artificial eloctrons from Starfish, The output

Uy Q,V\‘\- ‘
vvitagahpf a solar cell goes down as the radiation exposure
goes up,(SI) as shown in Fig. T e« A normally designed

satellite power supply will malfunction if the solar cell

output drops to about 80 percent of 4ts deslgned value,

From Fig. | wo see this will take about 10’ dlectrons/cm?

for the P-on=~N type solar cells used on Ariel, Ariel stays

in the high flux region of 109 electrons/cma/sec about

10 percent of the time so it encounters roughly 101231ectrons/cm2/aay,
80 a week is sbout the right time for the power supply to last

before going into undervoltage. The output from the solar

cells on TRAAC and Transit ljB was monitored(33) and the time
histbry is shown in Fig. ID. The initial slow decrease is

due to the natural trapped particles, and the sudden change

on Juiy 9 1s clearly due to the trapped electrons from Starfish,
Telstar has a different and more radiation—resistaﬁt N-on-P

type solar cells, and it 1ived a long time in the artificial




radiation bel%., Injun a15331asted a long time after Starfish
Wt
because its powser supply was édesdgmwed so that it could stand

a larger percoentage degradatizn and therefore more radlation,
Satellites can clearly be designed to have long lives in the
Starfish belt, or even more intense belts, but Ariel, TRAAC
and Transit LB were not expected to encounter these radiation
levels, so they were not designed for 1it,

7 particles/cm? is equivalent to

A total flux of 3 x 10
-1 Rad (if the charged particles are minimum ionizing). The
flux of natural high energy protons 1is about 2 x lo%émzsec.

This will result in abouti@R/hour radiation dose to a lightly

shielded person. The high electron flux region from Starfish

has gbout 109 electrons/cm2/sec. This would result in about
30 R/sec. Shielding can be used to reduce the radiation
dosage., For a fission energy spectfum, 1 gm/qm? of shielding
material will reduce the dose about a factor éf 10, 2 gms/cm2
,a factor of 100, and 3 gms/cm2 a factor of 1000, But it is

quite difficult to reduce the radiation by more than a factor

of 5000 because of the X-rays produced by the electrons hifting

the shielding. The fraction f of the electrons! energy that
goes into bremstrahlung 1s about | |
£- 2
[Goo
For fission electrons incident on an Al shield %—7“’.01. }"fhe
ebsorption length of the bremstrahlung X-rays 1is éboﬁt
20 gms/cm2 so the rate of onergy loss 1s about a factor of

50 less than for minimum ionizing charged particles..
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Combining these factors we get a reduction of a factor

of 5000 iIn the rate of energy deposition under the shield.
But the X-rays that are produced, having an absorption
length of 20 gm/cm® are very hard to absorb out so additionai
shielding after about ) gms/cm® does not help much.

With a factor of 5000 reduction in radiation due to
shielding the radiation dose from the Starfish flux would
_st11l reach about 20 R/ar. About 500 R is lethal to most
people so this region of space cannbt be used for ﬁrolonged
manned space flight,

Attention was given to the problem of manned flight
shortly after Starfish., %The flux map for one weak after

tarfish was used to calculate that about 1 R radiation dose
would be received by an astronaut on a six-orbit mission

&t that time.'*®) By the time the MA 8 flight took place,
decay of the trapped particles had feduced the expected
dose considerably, and the dose received was well under 1 R,
This is less than i1s received in some chest X-rays and 1is

not a problen.
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2ffects on the Natural Radicstion Belt

The question had been raised before Starfish as to
whether the explosion would seriously alter the natural
Van Allen belt., lost opinion was that 1t would not.
Because of.the large flux of artificlal olectrons Injected
by Starfish it is not possible to say anything about changes
to the natural belt eiectrons; But thefe is some information
about the high energy proton fluxes., Nuclear emulsions flown
on recoverable satellites measured the 55 Mev proton flux
at various times before and after Starfish.(sj) About three
weeks after Starfish the 55 Mev proton flux at 00 km was
about a factor of 5 larger than before Starfish. It has
decayed since then. There 13 some uncertainty about the
rate of decay of the protons but the decay constant is of the
order of 107 seconds. There is no source of 55 Mev protons
from the explosion so these particles must be natural belt
protons. Very likely the explosion displaced a small fraction
of the high ensrgy Van Allen belt protons, The hydromagnetic
wave from the explosion might do it but the detalls of such
a process are not understood quantitatively,

If only a few percent of the high energy protons at

high gl titudes were moved downwards this observation could
be explained. The high energy proton flux at high altitudes
has not been changed me???rﬁp}YrbY the Starfish explosion,
Measurements on Explore;“;V;;;%gg; and after the USSR explosions
on Oct. 28 and Nove 1 show no measurable change in the

energetic proton flux.(38937) |



=N
 The Soviet High Altitude Explosions , QLE\)
cn October 27, 1962, NASA launched the Explover XV ~
satellite to study the artificial radiation belt. But
before it got in the alr there were two artificial belts
and by the time it was up for a day there was a third belt.
The Soviets conducted ™= high altitude explosions on
October 22 and October 28 and then a third one on November 1.
Explorerzsv had electron detectors on it to cover the range
of energles expected for filssion electrons, detectors with
threcinolds from & Mev to § Meve Fig.!| shows the distribution
of electrons for two of Brown's threshold detectors(qo) on
Eiplorerxsv. Curve A and C were taken Just after Explorer
%3V was launched and curves B and D were about 5 hours later
after the second Soviet explosion., The new belt of electrons
from the explosion is clearly evident starting at L = 1.8
and - extending out to about L = 3, The Iinner edge of the new
belt is quite sharp, perhaps indicating expansion of the
debris from‘the explosion preferentially upwards as in a fleld
free bubble, Ingide about L = 1,7 the electron fluxes were
essentially unchanged by theSoviet explosions, The little
bump on curve A of Fig.l‘ at L ~1.,8 is probably residue from
the Sovliet explosion of October 22. This exploslon was
detocted also by Telstar,31)
The polar-orbiting Air Force satellite~1962E3K carried
several radiation detection instruments to study theartificial
belts., |2 five-channel magnetic electron spectrometér(Bﬂ)
on this vehicle measured electrons of energlesU.3 to 3.2 Mev.

This instrument detected the October 28 Soviet explosion and



and found that at about L = 1.9 the electrons had roughly

a fission speetrﬁm but at higher L values the spectrum became
softere. It would appear from this that the explesion site
was at about L = 1,8 and the higher L electrons were
softened mayEe in the same way that the Starfish electrors
were. The Explorer XV detectors also indicate that the
energy spectrunm of the electrons introduced by theSoviet
October 28 explosion became softer with increasing L.(qo)

. Several directional detectors on 1962 FBK showed that

the electrons injected on October 28 had a flux distribution
appropriate to a sonce well off the equator.(q‘) This 1s
what we would expcct for an explosion at a few hundred
kilometers altitude. Detectors on 1962 K measired the
time history of the artificial belt of October 28 and then
detected the injection of new electrons in a rather limited
new belt at about L = 1,8 on November 1. In both cases the
- flux of the new particles decreased with time constants of
a few days and the low energy partiéles seemed to disappear
fastsr;HD _

| About a week after the Soviet explosions, the particles
injected at L > 1.7 haég decayed some. The spatial distrie
bution of E>-5 HMevelectrons measured 69 November 10 by
McIlv.*ai(rf%n Explorer XV is shown in Fig, |2, The remains

of the Starfish belt below L = 1,7 is'clearly'present as -
well as the Soviet artificial belt at L = 1,8, The E> §
lev flux existing out to L = L 1s probably due mostly to the

Soviet explosions with maybe some left over from Starfish,



There are not thought to be any B > 5 lov eléctrons in
the natural Van Allen belt so this Pig. /> is probably

electrons from thh scveral explosions,



Chanzes of the Elsciron Zaerny Spectrum with L

FProm the Soviet explosion of Jct. 28 the electron
spectrum is & Tission spectrum for L = 1,8 but the energy
sveetrum gets consistently softer with increasing L.(g%)
Way does the energy spesctrum change with altitude? It
might be dus to a combination of two different sources of
particles with different spatial distributions, but thils
seems unlikely, We have no good idea what the second
electron source would be. There are tggxggasons why the
electrons from Tission decay might have different energles
at dﬁfferent locations,

{a) Time after fission.

The equilibrium fission energy spectrum shown in Fige ¥ Curve A
i1s the electron spectrum from a reactor but this 1s actually
a couposite of a variety of energy speétra at different
times after ths fission event. High energy olectrons are
given off earlier after flgsion, _Fig.’3 shows how the energy
spectrum changes with time after fission.cﬂo From the

experimental data on the Soviet Oct. 28 explosion it would

appear that 1% would be necessary to have flsslon fragments

remain in space for several hours 1

- Y = 2

required spectral softening at L = 1.,57. This secams like
b

a very long tiwme but it is not impossible. Colgate( ) has

t

Querora
SUuZgo

55}
@

d that most of the fission fragments from the explosion

H

ay be slowed down by the expanding debris picking up air.
iIn this way the fission fragments may become slow enough So
thatgi-spectrum will change some but I consider it unlikely

that they will stay aloft for an hour,
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{b) Partilcle cooling in an expending bubble

If the elcctrons are éonfined in a bubble in the magnetic
field and if the bubble cxpands the perticles will lose energy
by collid with the receding wall.

Yle can calculaté the sloving dovm of the fast electrons
in an expanding bubble as a form of Fermi acceleration.(13ﬂﬁ)
Starting with a particle of energy E in the bubble we can
study the reflecction of the particle at the bubble wall by

Lorentz transformingiw& to the systeu in which the wall 1is
at rest (denoted by E!, p!)
4 R\‘ E)'\‘?
-<l—-—-§‘— -~
N N
E" p'
p' T3 XA\D—ﬁ‘ﬁE '
Bt =--(.sw\o+~év_
The reflection from the stationary wall keeps the energy
e¢onstant and reverses the momentum. Now transforming back

to the laboratory

N ' N
\x E:’,’ -p’ Eﬂ, p"
] !
& ":““:3‘“{<+x¢ — Y (¥xc \e X( HE)

Y (¥
:=~1@K‘T¢+ S/t)}
= s e g

vheres 37¢ is Lhe velocity of the electron and ggc 1s the
{

wall velocity, and we have used pe = P*E. The fractional

cnergy loss per collisilon 1s

xR

- A
§= -TC__:“—: ~‘L(3\f§> + \/l(|+{b’_‘>-—\
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The number of collislons a particle has per second with

-

where & is the bubble diameter. The rate of energy loss

C&; :SECK@.‘QS:Q ég__—%&
Pey \ M = I}

3
R
=5 N
I . .
wnere B and x _ are the initial particle energy and bubble
A\
radlus,
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This expression, which shows how an initial energy spectrum
will change as the bubble expands, is plotted in Fig,

for en in 1 fission energy spectrum. From this we
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that for =z bubbls expansion ratio if/ —
\-V' [HISN ‘r
ectrun will sofben\to match the observations at s 1,57.
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For the Sovieb expliosion of Oct. 23 conducted roughly at

L= 1,8 o praduce clectrons on the L = 3,0 1line a bubble
- - R - - - An a3 Y mver ey -
vould havs to expand at least 1680 km sidoways o more in

other directions., During the bubble expansion of a factor
of 2 starting from ), of several hundred kilometoers the
trapped particles will hit tho bubble walls about 10° times.
Wnat fraction of the electfons will escape from the bubble
during the erxpansions? If' g particle scatters into the

loss conoe at the cnd of tho bubble it wiil loa¥% out. If the
relflections al the wall arce like diffuse scattoring the
bubble will provably be empty after 1000 colliszions with the
wall., Bub for specular refleoetions some reasonable fractlon

of the particlss should stay in the bubble,

One feature of the electron distribution from the

Octo. 28 exnloaion is interesting. There are clearly two
Fy (%)

L. (40,4)

pealzs in the flux distribution versus It may be that
the lower flux pealk at L~v1.8 is dre to electrons from flssion
fraguments that have been trapped on the field lires close to
the explosion and that the other peak is dus to elsctrons

released from a bubble that has expanded upwards from the

&

se, Lf this is the case it would aprear that

e

explosion =
Perml deceleration of particles in the bubble 1s the process
wgsponsible for changlng the electrons! energles, It would
not appear that expansion of neutral fission fragments from
the explosion site and subseguent G ~decay could explain

the double-peaked flux distributlion easilys
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One of the most interesting features of the Starfish
artificial radiation belt has been its decay. Instruments
on geveral satellites have ovbserved the varticle population
- for several wonths and certain general Teatures of the decay
have been found. AL low altitudes the decay is rapld due to

o ) 1 s

interactions with the atmosphere. At high altltudes the

decay 1s quites fast tooy, but for a different reason. The
atwosphere ¢lzarly is robt responsible for this loss. In a
region in betwveen these two rapid decay gones the decay is

slow but scenms to be controlled by the thin atwmosphere at

Before ths advent of these explosions the only methods
ng electron lifetimes were indirect. In dealing
with a steady state situation where theparticle population
is moderatcly constant with time, the only way to measure
the lifetvime, |7 , of a trapped particle is by measuring
either I, the inflow, or O, the outflow, of particles from
the radiation belt and to use the "leaking bucket" equation
I=0= S
p
or sone similar procedure. Hore ¢ 1s the total number of
pay thles trapped in the volume of the belt association with
the inflow, I, or outflow, 0, In the past, the wvalues
vteined this way have involved estimates of the outflow, O,
down Into the astwmosphere and have produced widely different
values of 1. Ve now have direct measurements of ‘T from the
decay of the a ficial radiation belts which eliminate the

neceesivy of using this indiresct method, which is suspect anyway,
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In discussing the decay of the Starfish electrons

s

it 1 ppropriate ©o gplit theproblem into two parts -

v

153
m

onne for high altitude and one for low altitude.

L<L 1.7

in this region of space there is a rapid initial decay
at low altitudes followed by a slow decay afterwards due

to cculowb scattering with atmospvheric atoms. Ven Allen,

1

Frank and O'Bricn measured the decay of the artificial

L (3)

5
ecltrons 10600 ku with the Injun catelllites. Thils is

P
+

f:
<y

G
‘shown in Fig.q . After the inltial rapid decay which is
larger for large B valucs (or low altitude) the decay slows

downr and is nearly constant for all 3 values, Measurements

\
~

on Alouebie é:;ﬁf‘(“)‘;‘xf‘». g&;\“ 9l To Tew 903
of the decay of the Starfish clectrons ) gave time
constents of soveral months fon the Tegicnlj‘iﬁr<l,t.

HeIlwain studied the trapped Starfish electrons on Explorer XV
for about three wonths sbartinz In Oct. 1962, He found that

for 1,25 < L «.1.7 the decay constanis were typically greater

4 39
than one year and in some cases are more than thrse years.( L

At lower altitudes the decay is faster, Glass has
measured the cloctron deeay ab LOO km and has fowad that

the decay for several months after Starfish could be

described by the lavw
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The decay of trappea electrons controlled by the

‘racsphere can oo caleculatboed

e

n o Jtraightforward way.
P '”!
3

1d and Jalu have derived a Foklker-Planck aquation
12t deserlbes how a digtribution of electroans in space

oy will change with time ss the result of coulomb

“42)

scatteoring. This has becn used by Veleh, Kaufmann and Hess
to study elcectron time histories,

Heglecting cross £ield diffusion and neglecting large
angle scattering the time change of a distribution of
e

lectrons, U, in space and ensrgy is obtained by using

— — —— — PN )
A, " \ { Y T . ) ¢ . . {
S __\\.}, 2‘(/ - I _ \:m / . . - R r‘",\; \ { e
T I Cow
o o 7 - <o - & ~
Ths distribvution fuanction U is dsfined as the number of
p&“ticles at time t in a nagnetic flux tube of flux 4F and

nirroring in the nagnetic field int erval 43 at B and having

o b merin
e verns

e

he guant
catiterin
s thaet o

in d ¥ at BAwhere ¥ is the relativistic dimensionless
_ 7
¢ =
/ = -
W O

in the < 7y above are the time rates of change of

tities involved which result from atmospheric coulomb

nZe he atmospheric model used in the calculation

s S0,
Gy
£ Harris and Pricster near solar wminiwmun. The

abmosphere 1z averazed over local time and also averaged

itude considering that a particle's uirror point

Ivitude as the Darticle drifts in longltude.



The < Ttorus are evaluated using small angle coulomb
scatierinz. 4 bube of force is Lo oma up into 100 space

eaual Z\ B and the figsion enercy spectrum used

vas brolzen up into § regions of{g‘,of about .75 Jev each,
For a starting condivicn U was taken to be constant all along(

& filold line., Then the problem was run on a comouter to

ck
(@)
DD
cir
i
(@]
2

istribution change in time. The results of such

a calculation are shown in Tig.’gg. The electroas at large B
{or low altitude) arse lost Tirss and as time prozresses the
partcicles nearer the oquator ars lost, Zventually an
equilibriun dsveloss where scattering up the tubs of force

i1g balaunced by ccavtering dowa the tube so that the spatial
distribution stays constant and the whole distrisu tion then
decays In Tins maintaining its shape, TFor thails squilibrium
‘the decay rabs is controlied by the rate of scattering at
quator and is therefore slow compared to the initial
decay at low altitudes. The comparison with the experiuental
data froa Injun on Plg.‘S‘shows that the calculation removes:
parsicles at large B fasbter than it should. Recsnt chang zes
in the Harris a“a Priestor model atmosphere incrcasing the
iz density should wake the asroomont hotter

- Tha decay rates

=ven by the calculation asrce reasonadbly well with the

cruperimental Jdata, The variation of decay constents with
. I} "a"\ 54 DI 3

aicitude and also the change of ~ ¢ with time (as indicated

by the changes from Aloucitie “r’s to lcIlwaintas Vs

in the same ragion but at different times) is in agreement

with thooretizal expectations.
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A large fraction of

ned now will be lost before

atnospheric scattering, the electron

ensrzy electrons ars
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« DBecauss

it nardens with time until

with a peak at about @

calculations show this process

on 1962 2K measured an electron

curve 3 ) in
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« Prom a2

~at early

spectrun seoemed fisslion-like down
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%o 3 Mov at L = 1.25. Therefore the lack of low enorgy
particles In the L = 1,25 spectrua in Decoumber 13 not due

nem but

£

ther to a loss of thenm

alfver they were trapped., This is what Is exnected from
couioub scattoering,
(33
in electron spectronetcr flown on another Alr Force
1y - s . 3 " /£
savelliteo in Septoember 1002 ucasured on cnergy spectrun

. , K .
uite similar to curve © in Fig., ¢ Tor 1.2 < L < 1.6

conflrming the existance cf a hardencd Tission spectrume.

J-2

decays with short time constzrnts., At L = 1,7 the decay

constant ig wany wmonths but by L = 2,2 1221 weck. It

soons imposcsitle for this ranid decay to be due to the

atmosphrere. It Is very likely duc to sowmo kind of magnotic
2isturbences which breaks doun onc of the adiabotice invarients,

ozh thore are scveral ideas ebout the types of dis-

the real nature of this process is

ter the tares USSR explosions for

)

L > 1.7 give desay constants quits similar to the earlier
Yolsbar dato. llellwein' T on Dzplorer MV found the decay
wag ¢ulve cicaly and monotonic for L 2w 3, after November 1.
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24 The Geometry.of the Point Source of Neutrons

3. The Calculated Initial Electron Fluxes from Neutron
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i, Motion of Charged Particles in a Dipole Magnatic Field,

5. Drift of a,Charged Particle in a Magnetic Field with a
Gradient | | |

6. A Comparison of the Electron Flux Distribution measured
by Telstar (.. t\. \e S ) and Injun (o4, ,f,';‘m\ )

shortly after Starfish, Both distributions are arbitrarily
cut off at the outslde at a flux of 107 electrons/bm?/sec.

7. A map of electron fluxes at 00 kilometers altitude shortly
after Starfish,. |

8. Various Electron Energy Spectra
(éQJThe Bcuilibrium Fission Energy'Spectrum
(8) The Spectrum Measured at L = 1,25 on Dec. 8, 1962,
(€) The Spectrum Measured at L= {,34 oﬁlbec. 8, 1962,
QQ)'The Spectrum Messured af L=z 1,517 on Dec. 8, 1962

(from Refereﬁce 3l )

9. Solar Cell Degradation due to 1 Mev eleétron Bombardment .
(from Reference 35)

10. The time history of the solar cell output from TRAAC
and Transit 4B, (from Reference 36)

11. Distrivution of electrons along the equator before and
after the Soviet Oct, 28 high altitude explosion for

two different threshold detectors on Fxplorer XV.
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(A) E]3MwOct. 28 at ~ 0400 T
(B) E>I{NwOct. 28 at ~ 0900 BT
(&) BE>S5thulcts 28 at ~ 0400 WY
(D) E>SMuwlct. 28 at ~ 0900 UT
- {frou Reference LO)
Dist®ibution of B > 5 Mev electrons in R= A space
on Nov. 10 from Explorer XV, (from Reference 38)

Various Electron Energy Spectrsa

‘(@Q,The BEquilibrium Fission Fnergy Spectrum
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measured ty the Injun satellites. (from Reference 45)
Calculated Time Histories of 3,75 Mev electrons for

L & 1.25. Each curve is labelled by the time after
injection'in seconds; The data shomm fqr comnarison 1s
a smooth line drawn through the.data in Reference 27 and
is for about one week after Starfish.

(From Reference 48)

Change in the fission electron energy Spectrum with time

resﬁlting from coulombd seattering for L = 1,158 and B = ,20,

(from Reference L8)



Figure Captioms

17. Time decay of the Starfish electron flux for L>1.7

measured cn Telstar. (from Reference 39)
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